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Results {#sec1}
=======

We hypothesized that extra-synaptic GABAergic tone acts to localize such cortical activation, with greater GABA concentrations leading to more selective cortical tuning, resulting in greater perceptual acuity. To test this hypothesis, we investigated the relationship between the concentration of cortical GABA and neuronal tuning in human primary somatosensory cortex (S1), relating these to tactile perceptual acuity. In experiment 1, we used a combination of fMRI and magnetic resonance spectroscopy (MRS) at 7 T to acquire measurements in the left-hand knob region of human S1 ([Figure 1](#fig1){ref-type="fig"}A). Cortical tuning was quantified using an fMRI task involving a continuous cycle of movement of individual fingers of the right hand, with no rest periods, implemented in a well-validated "traveling-wave" analysis \[[@bib8]\] ([Figure 1](#fig1){ref-type="fig"}B). For voxels in the anatomical hand knob, the spread of activation across this cycle was quantified as a measure of cortical tuning, where higher tuning is associated with a sharper and more selective response profile during the movement cycle ([Figure 1](#fig1){ref-type="fig"}C). MRS was used to quantify levels of sensorimotor cortical GABA and glutamate ([Figure 1](#fig1){ref-type="fig"}D). Measures of perceptual acuity were acquired using a temporal order judgment task, involving the delivery of variably spaced pairs of vibrotactile stimuli, one each to the index and middle finger of the right hand; the resulting accuracy data were used to calculate a measure of perceptual acuity ([Figure 1](#fig1){ref-type="fig"}E).Figure 1Measuring GABA and Cortical Tuning in Human Somatosensory Cortex and Their Relationship to Perceptual Acuity(A) Representative participant: MRS data acquired in sensorimotor cortex (red voxel: 2 × 2 × 2cm) centered on the hand knob and primary visual cortex (experiment 2 only). Thresholded fMRI activation, green.(B) fMRI voxel-wise cortical tuning profile of somatosensory cortex activity across the movement cycle (gray) from index finger (2) to little finger (5), fitted with a sinusoid (green): sample of adjacent voxels from one fMRI acquisition in one participant.(C) Using the sinusoid fit to the cortical tuning profile during the cycle of digit movement (solid lines), a cortical tuning metric reflecting the selectivity of each voxel's activity to a specific digit was defined as the period of the sinusoid fit (dashed lines), expressed as the inverse (1/period).(D) Representative MRS spectra from one participant.(E) Tactile temporal order judgment task quantifying perceptual acuity: representative accuracy data from one run/participant. ISI, interstimulus interval. Participant demographic information is provided in [Table S1](#mmc1){ref-type="supplementary-material"}.

Inhibition, Tuning, and Perceptual Acuity {#sec1.1}
-----------------------------------------

There was a strong positive correlation between cortical tuning in S1 and resting S1 GABA (r = 0.676, n = 22, p = 0.0006); higher levels of cortical GABAergic tone were associated with greater cortical tuning ([Figure 2](#fig2){ref-type="fig"}A). This relationship was not observed between S1 cortical tuning and S1 glutamate (r = 0.146, n = 22, p = 0.518); these two correlations differed significantly (*Z* = 2.45, p = 0.0071) \[[@bib9]\]. The same pattern of relationships was also present in the smaller cohort of 11 for whom measures of perceptual acuity were also acquired (S1 GABA versus S1 tuning: r = 0.731, n = 11, p = 0.011; S1 glutamate versus S1 cortical tuning: r = −0.053, n = 11, p = 0.877; [Figure 2](#fig2){ref-type="fig"}A: filled circles).Figure 2GABAergic Tone Reflects Cortical Tuning and Tactile Perceptual Acuity in the Somatosensory System: Experiment 1(A) A strong relationship exists between cortical tuning in S1 and local GABA, but not glutamate.(B) Tactile perceptual acuity correlates strongly with S1 GABA, but not with S1 glutamate.(C) Cortical tuning correlates with tactile perceptual acuity; greater tuning is associated with better tactile abilities. ^∗^p \< 0.05 Hittner's test. JND, just noticeable difference; Cr, total creatine. Blue lines, confidence bounds. The significant difference in (A) persists with n = 11 (filled circles; Hittner's *Z* = 2.00, p = 0.023).See also [Figures S1--S4](#mmc1){ref-type="supplementary-material"} and [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

There was also a strong correlation between cortical tuning in S1 and perceptual acuity in the tactile temporal order judgment task (r = −0.703, n = 11, p = 0.016) ([Figure 2](#fig2){ref-type="fig"}C), suggesting that, as hypothesized, more selective activation of S1 is associated with better performance in terms of tactile perception.

Furthermore, a strong correlation was observed between S1 GABAergic tone and tactile perceptual acuity (r = −0.687, n = 11, p = 0.02) ([Figure 2](#fig2){ref-type="fig"}B), which does not generalize to the other major cortical neurotransmitter glutamate (r = −0.182, n = 11, p = 0.592). These results demonstrate that higher levels of cortical GABA, but not glutamate, are associated with enhanced tactile function.

To formally test the hypothesis that measures of GABA but not glutamate correlate with cortical tuning and perceptual acuity, we used distinct procedures to detect any significant (unpredicted) glutamatergic correlations, and to ensure consistent (predicted) GABAergic correlations in the cohort for whom all data were present in experiment 1 (n = 11). Specifically, we apply a conjunction test over all GABAergic (predicted) correlations and an omnibus test over all glutamatergic correlations \[[@bib10]\]. In this stringent analysis, the compound null hypothesis is disproved only if all GABAergic correlations are significant in the absence of significant glutamatergic correlations. The conjunction test therefore considers the maximum p value across all GABAergic correlations (p = 0.02), while the omnibus test considers the minimum p value from all glutamatergic correlations (p = 0.592), the combination of which provide evidence to reject the null hypothesis. This liberal test offers good power to detect any possible correlations that deviate from the expected hypothesis and to account for multiple correlation analyses undertaken.

Replication and Anatomical Specificity {#sec1.2}
--------------------------------------

The pattern of correlation between fMRI cortical tuning, MRS-derived GABAergic tone, and tactile perceptual acuity observed in experiment 1 was replicated in an entirely new cohort in experiment 2 ([Figure 3](#fig3){ref-type="fig"}; n = 11). Similarly, the combination of a conjunction and omnibus test formally demonstrated once again that GABA but not glutamate correlates with tactile perceptual acuity and cortical tuning (conjunction test maximum p value across all GABAergic correlations: p = 0.024; omnibus test minimum p value across all glutamatergic correlations: p = 0.259). Furthermore, in experiment 2, an additional control MRS voxel was acquired in primary visual cortex (V1, n = 10), centered bilaterally over the calcarine sulcus of the occipital cortex. The observed relationships of GABA levels in S1 did not persist for GABA levels measured in V1 ([Figures 3](#fig3){ref-type="fig"}A and 3B). The combination of a conjunction and omnibus test formally appraises the anatomical specificity of the relationship of S1 GABA but not V1 GABA with tactile perceptual acuity and cortical tuning (conjunction test maximum p value across all S1 GABAergic correlations: p = 0.024; omnibus test minimum p value across all V1 GABAergic correlations: p = 0.548). This demonstrates the anatomical specificity in the observed pattern of the correlations between S1 GABA and tuning seen in experiments 1 and 2.Figure 3GABAergic Relationships Show Anatomical Specificity: Experiment 2An independent replication of the correlations between S1 GABAergic tone, cortical tuning, and tactile perceptual acuity in experiment 1, and evidence of the anatomical specificity of the neurochemical relationship using a V1 MRS control voxel.(A) Significant correlations between cortical tuning in S1 and S1 cortical GABA, but neither S1 glutamate (Hittner's: *Z* = 2.60, p = 0.0047) nor V1 GABA (Hittner's *Z* = 1.65, p = 0.049).(B) Tactile perceptual acuity correlates strongly with S1 GABA, but with neither S1 glutamate, nor V1 GABA (Hittner's *Z* = −2.31, p = 0.0104).(C) Cortical tuning correlates with tactile perceptual acuity. ^∗^p \< 0.05 Hittner's test. Abbreviations as per [Figure 2](#fig2){ref-type="fig"}.See also [Figures S1--S4](#mmc1){ref-type="supplementary-material"} and [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

In summary, cortical GABAergic tone in S1 shows both anatomical and neurochemical specificity in its relationships with local cortical tuning and measures of tactile perceptual acuity. In light of the link between cortical GABA and glutamate, both in terms of excitatory/inhibitory balance, and their shared metabolic pathways, the correlations involving GABA:Cr levels were also computed as partial correlations correcting for Glutamate:Cr: these correlations remain significant (p \< 0.05) and do not differ qualitatively from those presented in [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}. The observed correlations of GABA:Cr also held for values of raw GABA concentration ([Figure S1](#mmc1){ref-type="supplementary-material"}). The reproducibility of the cortical tuning metric and just noticeable difference (JND) have been validated in two independent cohorts, each of 16 participants, for whom these measures were calculated across two different time points using a single-measures intraclass correlation (ICC; two-way random effects model with absolute agreement). Cortical tuning ICC: 0.802 ([Table S2](#mmc1){ref-type="supplementary-material"}; 95% CI: 0.520--0.926); JND ICC: 0.842 ([Table S3](#mmc1){ref-type="supplementary-material"}; 95% CI: 0.610--0.942).

Mediation Analysis {#sec1.3}
------------------

In order to more fully investigate the potential role of cortical tuning in S1 as a mechanistic link between S1 inhibitory GABAergic tone and tactile perceptual acuity, a mediation analysis \[[@bib11]\] was applied to the MR and behavioral data pooled from experiments 1 and 2 (n = 22). Mediation approaches assess the mechanism through which two variables are related. Mediation is well suited when the mediator (M~i~) is the logical effect of one variable (X), and the logical cause of another variable (Y). In this study, cortical tuning (M~i~) is the logical effect of inhibitory GABAergic tone (X: GABA:Cr) and the logical cause of differences in tactile perceptual acuity (Y: JND) ([Figure 4](#fig4){ref-type="fig"}). Mediation was conducted using regression with bootstrapping to ascertain whether cortical tuning accounts for the link between cortical inhibition and perceptual abilities ([Figure 4](#fig4){ref-type="fig"}A).Figure 4Cortical Tuning Exerts a Complete Mediating Effect on the Relationship between GABAergic Tone and Perceptual AcuityMRS, fMRI, and behavioral data pooled from experiments 1 and 2 (n = 22).(A) Mediation approach applied to investigate the link between GABA concentrations (*X*), cortical tuning (*M*~*i*~), and perceptual acuity (*Y*).(B) A significant mediating effect of cortical tuning (Mi) in the relationship between GABAergic tone and perceptual acuity. The strong mediating effect of cortical tuning accounted for a considerable proportion of the total relationship between GABA and perceptual acuity (PM = 0.88; Sobel test, *Z* = 2.59, p = 0.0097, Preacher and Kelley κ^2^ = 0.4651.) For full mediation statistics, see also [Table S4](#mmc1){ref-type="supplementary-material"}.

There was strong evidence that cortical tuning (M~i~) completely mediates the link between GABA:Cr (X) and perceptual acuity (Y), with a percentage mediation (P~M~) of 88% ([Figure 4](#fig4){ref-type="fig"}B). This resulted from a significant indirect effect (c) of greater magnitude than the direct effect (c′), which itself was not significant ([Table S4](#mmc1){ref-type="supplementary-material"}). The significance of this mediation effect is further demonstrated by the Sobel test (*Z* = 2.59, p = 0.0097) and a Preacher and Kelley κ^2^ = 0.46. These results implicate the tuning response of cortical neurons as a possible mechanism via which the observed relationship between variability in the inhibitory neurochemical milieu and perceptual abilities may be effected ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).

Discussion {#sec2}
==========

These data demonstrate for the first time the ability to explain perceptual acuity in terms of both the underlying cellular and metabolic processes in the human brain. That is to say, those individuals with greater tactile perceptual abilities show more selective cortical activity in primary somatosensory cortex, underpinned by greater local concentrations of inhibitory GABA, which acts to localize the spread of excitatory signaling, maintaining the functional architecture of the cortex.

The relationship between inhibition and cortical tuning could result from two related forms of GABAergic signaling. In addition to phasic synaptic GABAergic activity, extracellular GABA also has a neuromodulatory role via tonic signaling on extra-synaptic GABA~A~ receptors \[[@bib12], [@bib13]\]. This extra-synaptic GABAergic "tone" drives a persistent ambient level of inhibition, affecting neuronal excitability distinct from the time-dependent phasic inhibitory signaling that underpins lateral inhibition, including changes to the membrane refractory period \[[@bib14], [@bib15]\]. Both tonic and phasic GABAergic activity shape the selective response profiles of neurons in the primary sensory regions in the brain \[[@bib16]\], yielding the topographic organization vital to sensory perception \[[@bib17]\].

MRS GABA signals more closely reflect extra-synaptic GABAergic tone rather than phasic synaptic GABA signaling, due to interactions of vesicular GABA with macromolecules \[[@bib18]\]. Modeling of the neuromodulatory effects of tonic inhibition has investigated the impact of an accumulation of extra-synaptic GABA on the selective response profiles of cortical columns, which underpins cortical tuning \[[@bib19]\]. This work suggests that following phasic GABAergic signaling in a specific stimulus-relevant column, the spillover and diffusion of cortical GABA leads to an increase in tonic inhibitory tone in the adjacent but stimulus-irrelevant columns: a kind of non-synaptic lateral inhibition. Evidence for GABAergic spillover and non-synaptic signaling has been reported in various cortical and subcortical systems, including layer V pyramidal neurons in the somatosensory cortex \[[@bib12], [@bib20], [@bib21]\].

Due to the size of MRS voxel used to measure S1 GABA, adjacent regions of motor cortex were also included in this measure of local inhibitory tone. The anatomical specificity of the observed relationships has been confirmed through the use of a control voxel in primary visual cortex ([Figure 3](#fig3){ref-type="fig"}). Moreover, reports of the regional GABA distributions in the primate cortex provide no strong evidence for local concentrations differences between the pre-central and post-central cortices \[[@bib22]\].

Tonic GABAergic signaling clearly plays a key role in controlling the selective activation of cortical neuronal networks; however, additional factors also likely play a role in the maintenance of functional organization in the cortex. One candidate is variability in intra-cortical connectivity via so-called cortical sub-networks: inter-digitating networks of excitatory neurons largely, but not exclusively, tuned for similar sensory features \[[@bib23]\]. Sub-networks amplify the cortical response to thalamocortical inputs across regions encoding specific sensory features \[[@bib24]\]. By amplifying and prolonging sensory signaling in the cortex \[[@bib25], [@bib26]\], it is possible that these sub-networks effect more complex feature integration or perception. Therefore, while inhibitory tone localizes neuronal activity to ensure selective response profiles and specific cortical tuning, it is possible that an opposite factor of neuronal intracortical connectivity dictates the spread of excitation.

Although our results demonstrate that local cortical inhibitory tone and the selectivity of S1 activation were strongly related to tactile perceptual performance, neither sensorimotor GABA concentrations nor S1 cortical tuning were able to fully account for the variance in JND, reflecting performance in the temporal order judgment task. This is unsurprising, given that S1 acts as an early waypoint in a more distributed cortical network of tactile sensory perception, engaging parietal and frontal regions to integrate the spatial features of the stimuli \[[@bib27]\], and inferring their relative timings in the multisensory temporal-parietal junction \[[@bib28], [@bib29]\].

The activation of S1 underlying the calculation of the cortical tuning metric was driven by naturalistic movement of the hand and therefore recruited a range of somaesthetic submodalities. While somatosensory processing has long been thought to segregate inputs from different varieties of cutaneous and proprioceptive receptors, more recent single-neuron recordings from non-human primates suggest a more integrative multimodal processing across all of the constituent areas of S1 \[[@bib30], [@bib31]\]. This integration of somaesthetic modalities is supported by the observation in this study that S1 cortical tuning responses elicited by movement are correlated with features of cortical structure inferred from sensory inputs alone in the measurement of perceptual acuity \[[@bib30]\]. It is not possible to accurately define the boundaries of S1 Brodmann areas from gross anatomy for further analysis, the tactile perception task applied here will likely recruit neuronal populations across these traditional boundaries \[[@bib31], [@bib32]\].

The fMRI task data from which the cortical tuning metric was derived involved movement of individual fingers. The observed S1 activity was therefore likely composed of both ascending somatosensory afferents from the hand, as well as efference information via cortico-cortical connections with primary motor cortex (M1). Although it is thought that corollary activity from M1 might mimic the sensory feedback expected from a given movement \[[@bib33]\], such predictive top-down control has not been directly reported in human S1. Recent evidence in rodent studies has provided strong evidence for disinhibitory connections between M1 and S1 that disinhibit topographically relevant regions of sensory cortex prior to any tactile stimulation \[[@bib34], [@bib35]\]. Importantly, no relationship was observed between the rate or accuracy of finger movements during the fMRI task and the cortical tuning metric ([Figure S2](#mmc1){ref-type="supplementary-material"}). Moreover, the extent of finger movement individualization is unlikely to have driven variability in the cortical tuning curves. While anatomical enslavement in the hand affects individual finger movements at higher angular flexion, detailed hand kinematics data have demonstrated that, for low angular flexion of individual fingers, analogous to those used for button presses during the fMRI tasks, a high degree of independent finger movement is possible in the human hand \[[@bib36]\].

The results presented here provide, for the first time, a direct link from neurochemicals at the metabolic level, to cortical responses in neuronal architecture, and on to perceptual abilities at the level of human behavior. This provides a fundamental advance in understanding how functional cortical organization is maintained and maps to perception. This insight offers a vital first step in the targeted development of clinical therapeutic strategies to modulate the cortical neurochemical milieu, in order to effect selective changes in neuronal signaling and behavior.

STAR★Methods {#sec3}
============

Key Resources Table {#sec3.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Software and Algorithms**MATLAB 2014bThe MathWorks, Natick, MA, USA<https://uk.mathworks.com/products/new_products/release2014b.html>JMP12SAS Institute, Cary, NC, USA<https://www.jmp.com>SPSS 22IBM Corporation, Armonk, NY, USA<https://www.ibm.com/analytics/us/en/technology/spss/>FMRIB Software Library (FSL) 5.0Oxford Centre for fMRI of the Brain (FMRIB), Oxford, UK.<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki>

Contact for Resource Sharing {#sec3.2}
----------------------------

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, James Kolasinski (<james.kolasinski@ndcn.ox.ac.uk>).

Experimental Subject Details {#sec3.3}
----------------------------

All data were acquired in accordance with local central university research ethics committee approval (University of Oxford MS-IDREC-C2-2015-014/C1-2014-100). All participants provided written informed consent, were right handed according to the Edinburgh Handedness Inventory \[[@bib37]\], had no history of neurological or psychiatric illness, and met local MRI safety criteria.

Experiment one collected magnetic resonance spectroscopy (MRS) measurement and fMRI-derived cortical tuning measurements in primary somatosensory cortex from 22 participants (10 female, mean age: 22.86 ± 3.81), 11 of whom also undertook at tactile temporal order judgment task to derive measures of perceptual acuity (5 female, mean age: 21.73 ± 2.97).

Experiment two was subsequently undertaken to replicate the results observed in experiment one, as well to acquire additional MRS measurements from bilateral primary visual cortex as an anatomical control. An independent cohort of 11 participants was recruited to this experiment (5 female, mean age: 21.36 ± 2.67), all of whom also undertook the same MR measurements and tests of perceptual acuity as were used in experiment one.

Full information on participant demographics is provided in [Table S1](#mmc1){ref-type="supplementary-material"}.

Method Details {#sec3.4}
--------------

### MR acquisition {#sec3.4.1}

MR data were acquired using a Siemens 7T Magnetom system with a 32-channel head coil. Dielectric pads (barium titanate: 11 × 11cm and 5mm) were positioned to increase B1 efficiency in the regions of interest for MRS acquisition \[[@bib38]\]. B1 efficiency was mapped using actual flip angle imaging (AFI) (FOV 240x240, TR1 6 ms, TR2: 30 ms, TE 2.58 ms, slice thickness 2.5 mm, non-selective flip angle 60°). Dielectric pads were re-positioned to achieve optimal B1 efficiency when necessary.

Blood oxygenation level dependent (BOLD) fMRI was acquired using a T2^∗^-weighted multislice gradient echo planar imaging (EPI), with true axial slices centered on the left anatomical hand knob in the z axis (TR 1,500 ms, TE 25 ms, slice thickness 1.2 mm, in-plane resolution 1.2 × 1.2 mm, 22 axial slices, GRAPPA factor = 2).

Structural MRI data were acquired to aid MRS voxel placement using a magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence (TR 2200 ms, TE 2.82 ms, slice thickness 1.0 mm, in-plane resolution 1.0 × 1.0 mm, GRAPPA factor = 2).

MRS data were acquired using a semi-LASER sequence \[[@bib39]\] (64 averages, TR 5000ms, TE 36ms, Voxel size 20x20x20mm) using VAPOR (variable power RF pulses with optimized relaxation delays) water suppression \[[@bib40]\]. The voxel of interest (VOI) was manually positioned in the left sensorimotor cortex, covering the whole hand knob structure (experiment one and two), or bilateral primary visual cortex, over the calcarine sulcus of occipital cortex (experiment two), in both cases avoiding contact with the dura to minimize significant macromolecule contamination. Measurements from the sensorimotor voxel provided a robust measure of somatosensory GABA concentrations given the known concordance of GABA levels across motor and somatosensory cortex \[[@bib22], [@bib41]\].

### fMRI task {#sec3.4.2}

fMRI data were acquired during an active motor task in which participants made visually cued movements of individual fingers of the right hand (2: index, 3: middle, 4: ring, 5: little) in the form of button presses made on an MRI-compatible button box (manufactured in-house) resting on the right thigh. Instructions were projected onto a screen inside the scanner bore, in the form of four white circles, representing the four fingers. The circles flashed individually at a frequency of 1 Hz, instructing presses of that finger at this rate. The task involved continuous movement, with 8 s blocks involving each finger. The forward version of this task cycled from finger 2 to finger 5 inclusive, with the resulting 32 s cycle repeated eight times. The backward version of the task was identical in duration, but cycled from finger 5 to finger 2 inclusive. Total fMRI acquisition was 8 min and 50 s. This paradigm has been applied and validated previously \[[@bib8]\].

### fMRI analysis {#sec3.4.3}

#### Travelling wave analysis {#sec3.4.3.1}

fMRI data were processed using the FMRIB Software Library \[[@bib42]\], including motion correction with MCFLIRT \[[@bib43]\], brain extraction using BET \[[@bib44]\], and high pass temporal filtering (100 s cut-off). All fMRI analysis was conducted in the individual subject fMRI space, with no co-registration across subjects or to a standard space. No smoothing of the data was performed.

Traveling wave analysis of the continuous finger movements involved in the fMRI task have been outlined previously \[[@bib8]\]. This approach applies cross-correlation of the task data against a number of iteratively time-shifted models, in order to model voxel-wise tuning curves, which show the point in the movement cycle at which each voxel responds maximally. The model applied was a gamma-convolved boxcar: 8 s 'on' and 24 s 'off', repeated eight times, to mirror a single block of movement of one digit. This model was shifted sufficient times to model peaks across the entire digit cycle (forward: finger 2 -- 5, backward: finger 5 -- 2). The result was a four-dimensional voxel-wise map for both the forward and backward task variant, in which each voxel contained a cortical tuning profile of activity during the cycle of digit movement, expressed in *r*-values ([Figure 1](#fig1){ref-type="fig"}B: gray).

#### Cortical tuning metric {#sec3.4.3.2}

For the forward and backward task variants, the cortical activity profile in each voxel was used to fit a sinusoidal function ([Figure 1](#fig1){ref-type="fig"}B: green) using MATLAB 2014b (The MathWorks, Natick, MA, USA), with the following general equation and a least-squares cost function:$$y = a\ \sin\left( {\omega x - \ \varphi} \right) + B.$$This process yielded voxel-wise maps of the amplitude (*a*), period (*ω*) of the cortical activity profile. These maps were averaged across the forward and backward task variant. The amplitude maps were used to generate a region-of-interest (ROI) corresponding to the region of peak activation in the task: this was calculated using voxel-wise false discovery rate (FDR) thresholding of the amplitude map after an *r*-to-*Z* transformation (α = 0.01), yielding a region corresponding directly to the anatomical hand knob for each participant ([Figure 1](#fig1){ref-type="fig"}A). To calculate a measure of cortical tuning across the hand knob, the period of each voxel underlying the ROI was averaged, and expressed as the inverse (1/period) to yield an intuitive metric. Greater magnitude of this metric reflects greater cortical tuning: a more selective activation during the cycle of movement ([Figure 1](#fig1){ref-type="fig"}C).

#### fMRI behavioural task analysis {#sec3.4.3.3}

For the forward and backward variants of the fMRI task, measures of button press rate and button press accuracy were quantified. Button press rate was quantified as the interval between two button presses, excluding any statistical outliers (+/− 2 standard deviations from the mean rate). Button press accuracy was quantified for each of the 256 button presses in each task. An accurate response was defined as a button press, which began within 400 ms of the stimulus signal instructing each button press.

### MRS analysis {#sec3.4.4}

Raw data were corrected using the unsuppressed water signal from the same VOI, eddy current correction, a zero-order phasing of array coil spectra. Residual water signal was removed using Hankel-Lanczos singular value decomposition \[[@bib45]\]. Neurochemicals within the chemical shift range 0.5 to 4.2 ppm were quantified with LCModel analysis \[[@bib46]\]. The exclusion criteria for data were as follows: Cramér-Rao bounds \> 50%, water linewidths at full width at half maximum (FWHM) \> 15 Hz, and (iii) SNR \< 40. In experiment two, the V1 spectrum from one participant was excluded on the basis of these criteria. Correlation analysis with a lower Cramér-Rao bounds threshold (\< 30%) are presented in Figure S3. Good spectral separation was achieved for GABA, indicated by no strong correlations (\> +/− 0.3 in magnitude) between absolute concentration GABA and any other metabolite (Figure S4).

FMRIB's Automated Segmentation Tool (FAST) \[[@bib47]\] was used to calculate the contributions of gray matter (GM) and white matter (WM) to the VOI from the T1-weighted MPRAGE scan. GABA and glutamate peaks were corrected for the proportion of GM:$$\frac{\left\lbrack {Absolute\ GABA} \right\rbrack}{\frac{\left\lbrack {GM} \right\rbrack}{\left\lbrack {GM} \right\rbrack + \left\lbrack {WM} \right\rbrack + \left\lbrack {CSF} \right\rbrack}}.$$Total creatine (including phosphocreatine) peaks were corrected for the proportion of total brain volume:$$\ \frac{\left\lbrack {Absolute\ Cr} \right\rbrack + \left\lbrack Absolute\ PCr \right\rbrack}{\frac{\left\lbrack {GM} \right\rbrack + \left\lbrack WM \right\rbrack}{\left\lbrack {GM} \right\rbrack + \left\lbrack {WM} \right\rbrack + \left\lbrack {CSF} \right\rbrack}}.$$GABA and glutamate values are reported as a ratio to total creatine.

### Behavioral data acquisition {#sec3.4.5}

A subset of 11 participants from experiment one, and all participants in experiment two (n = 11) performed a temporal order judgment task involving vibrotactile stimuli presented to the ventral distal pads of the right index and middle finger; a commonly used paradigm across perceptual studies of somatosensation \[[@bib48], [@bib49]\]. Participants performed the task in a testing lab, sitting in a static chair placed a fixed distance from a table, on which their arms rested uncrossed. Each of their feet rested on a simple binary-state foot pedal. The right hand was positioned in the midline on a sheet of polyurethane foam, in which two miniature electromagnetic solenoid-type stimulators were embedded (Tactors, Chris Dancer Design, St Helens, UK; 20 ms stimulation, 200 Hz sinusoidal pattern, \> 10 times threshold amplitude), such that ventral distal pad of the index and middle fingers were directly opposed to one stimulator. The relative positions of the stimulator within the foam could be adjusted to accommodate anatomical variability. The view of the right hand was occluded, and participants listened to pink noise sufficient to mask auditory cues from the stimuli. Participants were instructed to fixate on a central fixation cross present on the screen at all times; monitoring was in place to ensure participants' eyes remained open at all times.

A two alternative forced choice task was delivered, with instructions presented on an all-in-one desktop machine, positioned at eye level at a distance of 56cm. Participants performed 192 trials, during each of which a single stimulus was delivered to each of the two fingers. For each trial, participants were asked to judge which stimulus came first, by pressing either the left or the right foot pedal. Participants were cued with the word "Ready" on the screen to signify an imminent trial, "Response" to prompt a judgment, and "No response" in cases where no judgment was made within two seconds.

The interstimulus intervals (ISIs) used were +350, −350, +250, −250, +150, −150, +100, −100, +60, −60, +30 and −30ms, with a positive ISI denoting the middle finger was stimulated first. Each ISI was presented in 16 trials, in a randomly assigned order, consistent across participants.

### Behavioral data analysis {#sec3.4.6}

The proportion of right-first responses for each ISI was fitted to a logistic function ([Figure 1](#fig1){ref-type="fig"}E) using MATLAB and Statistics Toolbox Release 2014b (The MathWorks, Natick, MA, USA). All data far exceeded our quality of fit criteria (*r*^2^ \> 0.4; actual range: 0.829 -- 0.999). For each participant, a value of perceptual acuity was calculated as the just noticeable different (JND): half the difference between the two ISIs that give a "middle finger first" judgement in 75% and 25% of trials: smaller values of JND therefore reflect higher perceptual acuity.

### Reproducibility measures {#sec3.4.7}

The reproducibility of the cortical tuning metric and JND values was calculated from data collected in two independent cohorts, each comprising sixteen participants. JND data were collected at two time points, separated by an interval of one week. Cortical tuning metrics were calculated from fMRI data acquired as two time points, separated by an interval of four weeks.

Quantification and Statistical Analysis {#sec3.5}
---------------------------------------

Statistical analyses and graphing were undertaken using JMP (Version 12.0, SAS Institute, Cary, NC, USA) and Statistics Package for the Social Sciences (SPSS, Version 22.0, IBM Corporation, Armork, NY, USA). All statistical tests presented herein are two-tailed, and have been performed on the assumption of normality (Shapiro-Wilk confirmed).

Data from experiment 1 (n = 11) and 2 (n = 11) were analyzed using Pearson correlation coefficients. Each experiment considered the relationships between MRS, fMRI and tactile psychophysics data. In experiment 1, fMRI and MRS data were also available for an additional 11 participants; correlation coefficients are therefore presented for this extended cohort (n = 22), in addition to the original cohort (n = 11). Correlation metrics were compared using Hittner's test. Correlation statistics are presented in the results and [Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.

We applied a conjunction test over all predicted correlations and an omnibus test over all non-predicted correlations \[[@bib10], [@bib12], [@bib13]\]. In this stringent analysis, the compound null hypothesis is disproved only if all predicted correlations are significant in the absence of significant unpredicted correlations. The conjunction test therefore considers the maximum p value across all predicted correlations, while the omnibus test considers the minimum p value from all non-predicted correlations, the combination of which provide evidence to reject the null hypothesis. This liberal test offers good power to detect any possible correlations that deviate from the expected hypothesis, and to account for multiple correlation analyses undertaken. The results of the conjunction and omnibus tests are presented in the results.

In order to more fully explore the observed correlations between GABA measures, fMRI-derived cortical tuning measures, and tactile perceptual acuity, a mediation analysis was conducted across the full-datasets collected across experiments 1 and 2 (n = 22). Mediation was conducted using regression with bootstrapping to ascertain whether cortical tuning accounts for the link between cortical inhibition and perceptual abilities. This analysis was conducted using the PROCESS macro for SPSS \[[@bib11]\]. The Sobel test and Preacher and Kelley's κ^2^ to determine the significance and strength of the effect respectively \[[@bib50]\]. The results of this analysis can be found in [Figure 4](#fig4){ref-type="fig"} and [Table S4](#mmc1){ref-type="supplementary-material"}.

Reproducibility measures were calculated in two cohorts independent of experiments 1 and 2 using an intraclass correlation coefficient ICC (two-way random effects model with absolute agreement).
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